We present a design of phononic crystal based on pillars distributed on a substrate surface in which each pillar is constructed by a periodic stacking of PMMA and silicon layers. The pillar behaves like a one-dimensional phononic crystal which allows the creation of band gaps that prohibits wave propagation along the pillar. Thanks to this property, we show that confined modes are produced at the pillar-substrate interface which couples with surface acoustic waves (SAW) and causes their attenuation.
Introduction
Phononic crystals (PCs) are highly dispersive materials for elastic-acoustic waves, generally made of periodic distribution of solid materials and/or fluids with different acoustic wave velocities [1, 2] . They can exhibit frequency band gaps (BG) where acoustic-elastic waves' propagation is prohibited which opens the way toward engineering PC based devices for filtering [3] [4] [5] , waveguiding [6] [7] [8] , sensing [9, 10] , acoustic focusing [11, 12] , lensing [13, 14] and topological phononics [15, 16] . Shortly after the PC were proposed, the phononic community turned their interest into acoustic metamaterials (AM) as they perform unusual physical properties such as negative effective mass density and/or bulk modulus or compressibility [17] [18] [19] [20] . These properties paved the way towards the design of artificial systems capable of breaking conventional physical limitations and achieving remarkable acoustic wave manipulation such as sound insulation [21] , sub-wavelength focusing [22, 23] , and acoustic clocking [24] . Usually, an AM contains periodic distribution of resonators basically made of soft material distributed on a stiff hosting media in such a way that the local resonances of the resonators allow the creation of sub-wavelength BGs.
At the BG's frequency range, the wavelengths in the hosting media are by several orders of magnitude larger than the periodicity of the system.
As interest grows on the design of PC and AM for efficient control of acoustic/elastic waves, many studies have dealt with solid structures based on plates or membranes as they offer efficient waveguiding for elastic waves, with low loss and weak modes' conversion for large wavelengths compared to the plate's thickness. Besides plates with periodic inclusions [25, 26] , numerous works investigated the Lamb waves dispersion on a thin plate decorated with homogenous pillars on one of its free surface. Pennec et al. [7, 27] and Wu et al. [28, 29] introduced a PC made of a plate with pillars which can display a lowfrequency BG occurring at wavelengths larger than the distance between pillars. The BG is created by the local resonance of the pillars which couples with the Lamb waves at low frequency. This property was used to achieve waveguiding by creating a defect inside the system. Wu et al. [28] conducted a series of laser ultrasonic experiments to evidence the BG presence on the PC plate and found good agreement between theoretical and experimental results. Another system was proposed using soft material pillars made of silicone on a thin aluminum membrane [20, 30, 31] . It was demonstrated theoretically and experimentally that the structure can produce tunable resonance BG for wavelengths larger than the periodicity of the structure [32] . Lamb wave manipulation and waveguiding was also demonstrated experimentally in a stubbed plate in the sonic regime [33, 34] . Recently, the scattering of Lamb waves by a single or a line of pillars was studied with an emphasis on the determination of amplitude and phase of the secondary waves emitted by the resonators constituted by the pillars [35] . Exerting a force of a given strength and phase on the pillars opened the way to an active control of transmission.
Deeper investigations on pillar based plate systems were conducted to take advantage of their special properties so as to achieve an efficient control of Lamb waves such as confinement and waveguiding. In fact, by introducing a point or a line defect either by removing pillars or replacing them by others with different elastic properties, elastic energy can be confined inside the defect and acoustic modes with zero or slow group velocity can be created inside the BG. Pennec et al. [27] demonstrated this feature by introducing a line defect via increasing the space between two rows of pillars inside the phononic dots. They also analyzed different waveguides constructed by either removing one row of pillars, changing their height or the material [7] , and evidenced the elastic wave transmission and confinement through the line defect. Furthermore, another kind of structure was proposed with hollow pillars for taking advantage of the whispering gallery modes which can enhance the confinement of the local resonances [36] . The modes can be manipulated by filling the hollow parts with a liquid [37, 38] .
When a waveguide was created by changing the inner radii of a row of pillars, the elastic waves were efficiently guided inside the structure at frequencies inside the BG [36] . Wu et al. [29] have also shown the same properties for a stubbed plate PC by considering a bent waveguide and experimentally evidenced the elastic waveguiding. These innovative systems are promising for the design of acoustic devices intended for filtering, multiplexing and sensing in high frequency applications. Besides, the AM plate decorated with pillars showed also great potential in low frequency for the control of acoustic waves in the sonic regime. The sub-wavelength BG property can be used to construct a thin sonic insulator with high sound transmission losses [39] . Furthermore, by introducing a defect inside the system, acoustic energy can be confined into a spot where it can be electromechanically converted for the purpose of acoustic energy harvesting [40] .
In the very-high-frequency regime, some works have been initiated testing the performance of PC to control surface acoustic waves (SAW) for the purpose of sensing and filtering applications. Besides PC with holes or finite inclusions on substrate [5, 8, 41, 42] , PC made of pillars distributed over a surface of semi-infinite material has been proposed. Khelif et al. [43] investigated theoretically the dispersion of SAW in a two-dimensional array of cylindrical pillars and showed the possibility to open a BG thanks to the local resonance of individual pillars. It was also shown that a pillar based PC appears to be more suitable for the creation of SAW BG than holes or inclusions on the surface of the substrate. In fact, SAW interaction with structures often results in mode conversion which affects the transmitted signal. In the case of finite depth holes on substrate, leaky SAWs can be dominant and lead to evanescent modes which couple with bulk acoustic waves (BAW) in the substrate. This causes a quick decay of the transmitted wave amplitude with propagation distance. The phenomena can be depicted in the linear dispersion curves where the SAW-BAW coupling occurs at frequencies above the sound line. In the case of local resonance BG (LR BG) created by pillars, the couplings between the resonance modes and SAW occur below the sound line, which therefore causes less energy leakage into the bulk. Robillard et al. [44] have detected individual vibrations of cubic metallic pillars distributed in a two-dimensional lattice using an ultrafast laser pump and probe setup, through a photoelastic mechanism. Achaoui et al. [45] used optical measurements to demonstrate the arising of LR BG in which the acoustic energy is confined inside the pillars and the SAW transmission is reduced. Yudistira et al. [46] proposed a pillar-based hypersonic PC by which they evidenced both theoretically and experimentally the Bragg and LR BG. The SAW dispersion was also investigated experimentally in two-dimensional lattice of metallic nanodisks [47] .
Very recently, Ash et al. [48] proposed a well-tailored PC system made of pillars in holes or what can be seen as ring holes capable of supporting local resonances which creates SAW BG. For civil engineering application, Brûlé et al. [49] presented a macro-scale metamaterial for seismic waves' manipulation. Later, Colombi [50] skillfully showed that a forest can be seen as a metamaterial where trees behave like resonators which strongly attenuate Rayleigh waves.
Regarding SAW control and waveguiding, Lethawe et al. [51] investigated the possibility of guiding the elastic wave energy through a chain of pillars on the surface of a solid substrate. at In the proposed PC structures for SAW control, although the process of introducing a defect inside the PC allows the creation of SAW modes inside the BG, the band width of the confined mode remains generally large and entirely closes the BG. This behavior restrains the possibility to design high quality factor (QF) SAW modes in these systems for the purpose of sensing applications for instance.
In this work we propose a geometry of pillared PC on a substrate in which each pillar is constituted by a periodic stack of alternating layers (Fig.1) . The difference of this structure with respect to the previous cases is that the pillar behaves by itself like a one-dimensional (1D) PC, so it allows BGs that prohibit propagation along the pillar. Hence, one can design highly confined modes within a cavity or on the upper surface of the pillar or at its interface with the substrate. Therefore, among the local resonances of the pillars that interact with the SAW, some will be very confined inside the pillars with a very high QF. The purpose is to study the excitation of these modes and their coupling with SAW, and investigate the possibility to obtain the interaction in a very narrow bandwidth to produce either sharp SAW attenuation or very high transmission with almost no leakage into the bulk substrate. Additionally, we investigate some specific properties that could be observed and achieved for SAW such as Fano like resonances and an acoustic analog of electromagnetically induced transparency (EIT) with high transmission in a narrow bandwidth which, to the best of our knowledge, has never been realized before.
The paper is organized as follows: Sec. II presents the phononic pillars based PC and discusses the SAW dispersion through the system. In Sec III, we conduct SAW transmission calculations upon rows of pillars to investigate their modes' coupling with SAW and discuss the main physical phenomena displayed by the system.
II. SAW dispersion in the PC system with phononic pillars
We consider a pillar constructed from an infinite phononic cylinder composed of successive layers of silicon (Si) and PMMA (a periodic beam) with the same thickness h and diameter d ( Fig.1 ). For the chosen thickness h=3.5µm and diameter d=5µm, the band structure (BS) calculation for wave propagation along the periodicity, i.e. k z direction in Fig.1 , shows the existence of two BG denoted BG1 from 133.6 to 181 MHz and BG2 from 251.5 to 292.4 MHz. All the theoretical calculations are performed using the finite elements method. Then, for SAW dispersion investigation, we consider a PC structure composed of a square distribution of phononic pillars on the surface of the thick silicon substrate ( Fig.2(a) ). Each pillar is constructed with 6.5 periods so that a silicon layer is on both of its ends. The periodicity of the PC, i.e. the distance between two pillars, is a=6µm and a unit cell is considered with periodic boundary conditions (PBC) along the x and y directions to calculate the SAW BS presented in Fig.2 Afterwards, we investigate the phononic pillar behavior when introducing a geometrical defect. The latter is constructed by changing the thickness of the central Si layer (Fig.3(a) ) denoted W Si in this study.
The calculation is performed upon a finite phononic pillar where the central Si defect layer is stuck between three periods of PMMA/Si layers in such a way that the whole pillar has a Si layer on both of its ends. Furthermore, we fix the bottom surface of the pillar while keeping the upper surface free. When choosing for example a thickness of W Si =1.2µm, five kinds of confined modes are depicted in the band gap BG1 and one mode exists in BG2. The investigation of the total displacement field amplitude ( Fig.3(b) ) of these modes leads us to classify them into two main families. The first one is for cavity direction. Its mechanical behavior is quite similar to the compressional mode B observed in the PC system at BG2 (Fig.2) . The fact that the three modes A1, A2 and B are not exactly located in the same frequency as in the case of the PC system presented in Fig.2 is explained by the nature of the boundary condition of the pillar's bottom surface. The cavity mode's calculations are performed with a fixed boundary in Fig.3 while the pillar is actually in contact with an elastic Si substrate in the case of Fig.2 . respectively. The orange shaded regions cover the band gaps BG1 and BG2. One can deduce from the result that for each cavity mode E, F1 and F2, the frequency increases when lowering the thickness of the Si layer defect. This behavior can be expected knowing that the cavity modes tend to adapt to the cavity size so that their wavelength becomes smaller when decreasing W Si . Meanwhile, the frequency of the confined modes A1, A2 and B remains almost unchanged when changing W Si which is expected knowing that the elastic strain energy is confined within the bottom layers far from the cavity defect. In the rest of this section, we investigate the SAW interaction with the confined modes of the phononic pillars distributed in a square lattice form on the surface of the Si substrate with 6µm periodicity. Figure 4 (a) shows the BS calculation for SAW dispersion and interaction with the pillars where the thickness of the central Si layer is W Si =1.2µm. In the frequency band of the first band gap BG1, we can depict five local resonance modes which couple with SAW. An enlargement of the BG region is plotted in Fig.4(b) to see more clearly the modes coupling. We also display in Fig.4 (c) the displacement field profiles of these modes to identify their mechanical motion. When analyzing the displacement fields, we can first clearly identify the flexural confined modes A1 and A2 and the compressional mode B which correspond to the same modes depicted in Fig.2(b) . Second, the BS of Fig.4(b) displays three additional modes denoted E, F1 and F2 in the BG1 which correspond to the cavity modes of the phononic pillar identified in Fig.3(b) . One can expect that coupling between SAW and the pillars will lead to the excitation of the cavity modes which can be seen as flat modes in the band structure where their group velocity is zero. Furthermore, in the X' point, the compressional cavity modes E is located at 143MHz while modes F1 and F2 are located at the same frequency 149.2MHz which are almost the same frequencies as in the case of the isolated pillar presented in Fig.3 . 
III. SAW transmission through a row of phononic pillars
To investigate deeply the SAW interaction with the phononic pillars and understand the coupling mechanisms between the modes of interest, we perform transmission calculations on one row of pillars as it is schematically described in Fig.5(a) . We use the same finite phononic pillar as displayed in Fig.2 The transmission result plotted in Fig.5(c) shows SAW attenuation in the BG1 region (shaded region) where the amplitude of the u z component drops by 60% at 161MHz (denoted A in the figure) . At this frequency, we plot in Fig.5(d) the total displacement field in the phononic pillar as well as the u z component in the substrate. One can deduce that the SAW attenuation is caused by the excitation of a wideband localized mode having a vibrational motion quite similar to the confined mode denoted A1 depicted in the BS (Fig.2(b) ) for the PC system. The pillar displays flexural vibration at its bottom in the PMMA/Si layers in the vicinity of the substrate's surface and the mode couples with SAW causing the mode's conversion and leakage into the bulk substrate. Furthermore, when looking closely into the mechanical vibration amplitudes, we can notice that at the minimum transmission frequency, the maximum displacement amplitude in the pillar is 3.61 times the u z amplitude of SAW. In the following study, we calculate the transmission of SAW through a row of phononic pillars with defect for different thicknesses W Si of the Si central layer. Figure 6 shows the results where W Si is changed from 1.2µm to 0.5µm. In addition to the large attenuation band A depicted in the case of a phononic pillar without defect and located at 161MHz, we notice the presence of two sharp transmission dips denoted E and F in the panel W Si =1.2µm. To figure out the vibrational nature of these two modes, we display in Fig.7 (a) and 7(b) the associated displacement fields where we plot the norm of the total displacement field amplitude in the pillar while we plot the out-of-plane component u z in the substrate. We can easily deduce that mode E is the compressional cavity mode at 143.1MHz while mode F at 149.55Hz is the flexural cavity mode observed beforehand in Fig.4 . Both cavity modes can be excited by SAW interaction with the pillar.
Meanwhile, upon decreasing the Si layer thickness W Si , the frequencies of modes E and F increase to meet the wide band attenuation created by mode A. In this region, in the case of W Si =0.9µm, the mode F displays a well distinguished asymmetric peak/dip feature in the transmission. When the Si thickness is chosen between 0.5µm and 0.6µm, the frequency of mode F falls into the SAW attenuation band defined by the confined mode A. The transmission curve displays an asymmetric peak known as Fano-like resonance in the form of high SAW transmission with a very narrow band. The origin of this Fano-like [53] behavior comes from a strong coupling between the cavity mode F and the localized wide band mode A. These two modes have the same mechanical vibrational motion as they display flexural behavior of the pillar, so their strong coupling is expected. Although the mechanism is different, Nardi et al. [54, 55] have evidenced a Fano resonance created by the coupling between surface modes and BAW in PC.
To investigate deeply the Fano-like peak resonance, we look into the mechanical behavior of the system in the case of W Si = 0.7µm at the low transmission frequency denoted F (158.05 MHz) and high transmission peak indicated by D at 158.55MHz in the right panel of Fig.6 . The displacement fields plots at these two frequencies are displayed in Fig.7 (c) and 7(d). One can easily distinguish the flexural cavity mode excitation by SAW. At these very close frequencies, we can have low SAW transmission of 41% at 158.05MHz (F) and very high SAW transmission of 98.7% at 158.55 MHz at the peak D. Furthermore, we observe that the vibration amplitude inside the cavity is more than 90 times higher than the SAW amplitude for the peak D. Besides, when looking closely into the case W Si =0.6µm, we observe an analog of the EIT [56, 57] where a narrow band with high SAW transmission of 97.5% is depicted at the peak 160.57MHz. To the best of our knowledge, this behavior has never been achieved for SAW. In plasmonic crystals for instance, the EIT-like behavior is demonstrated by the coupling between localized surface states (known as Tamm states) and the defect plasmonic state [58] . Meanwhile, in all the transmission cases displayed in Fig.6 , we also observe the presence of the sharp dip denoted E corresponding to the compressional cavity mode which does not couple with the wide band mode A. Hence, the cavity mode undergoes high attenuation of SAW without displaying particular behavior compared to the cavity mode F.
It is important to indicate that although we have dealt with one row of pillars while the BS is for the case of infinite PC in the previous section, the BS gives a very close idea about the resonance modes existence in the pillars and their interaction with SAW. The involved local resonance mechanism in the interaction makes the dispersion almost independent from the periodicity of the system. Finally, to complete this study, we compute the SAW transmission over three rows of PC pillars spaced with 18µm as it is schematically shown in Fig.8(a) . This value is chosen to avoid interaction between the pillars. All the pillars have their central Si layer thickness fixed to W Si =0.5µm. The result in fig.8(b) shows almost the same behavior as the one observed for the single row of pillars ( Fig.6) with the difference that the SAW attenuation observed in the BG region is higher in the case of three rows of pillars as the minimum transmission reaches 5.7% instead of 40.8% in the case of the single row of pillars.
This low transmission can be explained by the excitation of the confined mode A in the three rows of pillars which have combined effects to increase the attenuation of SAW. Besides, high SAW transmission of about 87% is observed at the peak frequency 162.77 MHz in a very narrow band in between two attenuation bands with transmission coefficients lower than 6%, which proves the feasibility of acoustically induced transparency for SAW. 
Conclusion
We investigate the band structure and transmission behavior of SAW in the presence of an array of pillars constituted by a periodic multilayer, possibly containing a cavity. Although the practical fabrication of such high aspect ratio pillars may be a technological challenge, it seems still feasible. The Si layer growth can be achieved from the Cu/Si solution [59] or using Si layer deposition by gas-source molecular beam epitaxy for instance where thicknesses of few micro-meters can be reached [60] . Meanwhile, the PMMA layer can simply be deposited by the spin-coating process. Using these techniques, a multilayered system can be constructed, from which the pillars can be carved using the dry etching process.
We show that the phononic BG of the pillar undergoes the creation of resonance modes where the elastic energy is confined within the first phononic unit cells of the pillar in contact with the substrate surface, with no propagation through the whole pillar. These modes interact with SAW and cause a decay of the SAW amplitude in a relatively wide band. Furthermore, when introducing a defect into the multilayer phononic pillar, well confined cavity modes can be created which can couple with localized modes in the bottom of the pillar in contact with the substrate. The interaction can give rise to Fano like resonance behavior as well as an acoustic analog of EIT for SAW. The phononic pillar based system can be then envisaged as a solution for efficient manipulation of SAW with low leakage into the substrate. It opens perspectives to present an approach for SAW based devices design for high performance sensing.
Besides, high QF confinement of mechanical modes is of the essence for optomechanic applications. With a phononic pillar based system, it would be for instance possible to excite a high QF phonon inside a welltailored optical cavity which can then couple with external photons. Very recently, Anguiano et al. [61] and Lamberti et al. [62] designed a composite GaAs/AlAs micopillar cavity capable of confining both phonons and photons with a strong enhancement of acousto-optical interaction. The concept opens promising perspectives to observe quantum optomechanic phenomena and also for the design of optomechanic based devices which could integrate microchips, for biosensing for instance with high sensitivity down to single molecule detection. Besides the cavity modes, another type of localized modes in the multilayer pillars may be those associated with their upper surface, as we investigated them in a very recent work (using ridges instead of pillars [63] ). In the system studied in this paper, such modes can appear in the BG of the multilayer when changing the thickness or composition of the upper layer in the pillar. These modes can also interact with the interface modes and give rise to similar phenomena such as Fano and EIT resonances discussed above. Finally, one can imagine the possibility of interacting multiresonances when the phononic pillar contains two cavities or supports both surface and cavity modes. The frequencies of these modes can be fully controlled by the relative positions, thicknesses and elastic properties of the corresponding layers.
